ABSTRACT : The Mekong River plays an extremely important role in Southeast Asia. Flowing through six countries, including China, Myanmar, Thailand, Laos PDR, Cambodia, and Vietnam, it is a site of great biological and ecological diversity and the habitat of numerous species of fish. It also supports a very large population that lives along the river basin. Therefore, much attention has been focused on the giant Mekong River Basin, particularly, its soil erosion and sedimentation problems. In fact, many methods have been used to calculate and simulate these problems. However, in the case of the Mekong River Basin, the available data is limited because of the extreme size of the area (about 795,000 km 2 ) and lack of equipment systems in the countries through which the Mekong River flows. In this study, we applied the Universal Soil Loss Equation (USLE) model in a GIS (Geographic Information System) framework to calculate the amount of soil erosion and sediment load during the selected period, from 1951 to 2007. The result points out dangerous areas, such as the Upper Mekong River Basin and 3S Basin (containing the Sekong, Sesan, and Srepok Rivers) that are suffering the serious consequences of soil erosion problems. Moreover, the present model is also useful for supporting river basin management in the implementation of sustainable management practices in the Mekong River Basin and other basins.
Introduction
Julien (2010) reported that both erosion and sedimentation refer to the motion of soil particles, which are called sediment.
More specifically, the Occupational Safety and Environmental
Health (OSEH, 2004 ) defined erosion as the process by which the land surface is worn away by the action of wind, water, ice or gravity, and soil particles are dislodged or detached and set into motion, whereas sedimentation is a process whereby detached particles generated by erosion are deposited on land or in water bodies such as lakes, streams, and wetlands.
According to survey data from the World Commission on Dams (WCD, 2000), the annual loss of storage capacity of the world's reservoirs because of filling with sediment is occurring at a rate of approximately 0.5～1%, which implies that the world's reservoir water storage capacity will be half of the current capacity within about 50 years. In another document, Pimentel et al. (1995) reported that about 80% of the world's agricultural land suffers moderate to severe erosion, and 10% suffers slightly moderate erosion. Increasing sediment causes the increased turbidity of river water and the decrease of reservoir storage capacity; however, there are also negative impacts associated with a lack of sediment transport relating to aquatic life, physical changes, and the terrain, such as coastline erosion, death of native species, and submerged vegetation (Walling, 2008 ).
The Mekong is not only the third largest river in terms of length and sediment load in Asia but also a remarkable human-natural system (Liu et al., 2007) . There are more than 60 million people living along the river who are dependent on the river basin for food, water, transport, and many other aspects of their daily lives. Therefore, the sediment load change has important implications for controlling aquatic ecosystems as well as human exploitation of the Mekong River. The mean annual suspended sediment load of the Mekong is about 160 Mt/yr (Milliman & Syvitski, 1992) , and about 50% of this load is contributed by the upper part of the basin in China, which accounts for about 24% of the total basin area and about 18% of the total discharge in the Mekong River Basin (Roberts, 2001) . In a study of sediment deposits in the Mekong delta, Ta et al. (2002) suggested that the sediment load in the Mekong has remained relatively constant over the past 3000 years, but has changed over the last 50 years because of population increase, economic development, deforestation, and especially, dam construction.
The Mekong River is undergoing rapid dam construction, with seven mainstream dams being completed or under construction in China and 133 completed or proposed for the lower basin (Kondolf et al., 2015) . A recent study by Kondolf et al. (2015) indicated that 96% of the river sediment supply to the delta will be trapped when the 133 dams have been built as planned. The lives and economies of the people living along the Mekong River, especially the 16 million people in the delta, are at risk of loss of nutrients, reduced fish populations, subsidence, and increased flood risk due to sediment change.
Compared to the historical suspended sediment concentration and load, there has been a substantial decrease in the sediment transport in the Lower Mekong Basin (LMB) (Korehnken, 2014 (Korehnken, 2014) .
To cope with the soil erosion and sediment problems in the Mekong River Basin, the local governments have made a great effort to generate the prioritization and formulation of proper watershed management programs for sustainable development in order to control soil erosion and sediment yield. However, it is too difficult, time-consuming, and costly to model soil erosion because of the complexity of the interactions of factors that influence erosion. There are many parametric models that are based on empirical (statistical), conceptual (semi-empirical), and physical processes to estimate soil erosion. Most of these models require much information relating to elevation, soil type, land use, climate, topography, geology, and hydrology in a particular area. In the case of the Mekong, the data is limited because of the lack of continuity and length of the records, preventing a comprehensive analysis of the recent trend in the annual sediment load. One of these models, which is widely used, is the Universal Soil Loss Equation (USLE) developed by Wischmeier & Smith (1965) . The model formulation is simple, and it requires less data than other models. In addition, the USLE can be easily integrated with a geographic information system (GIS) to display spatial distributions of soil loss visually. 
Study Area
The Mekong River, one of the major rivers in the world, is the longest river in Southeast Asia (Figure 1 
Materials and Methods

Data source
The DEM data are derived from HydroSHEDS, which is based on high-resolution elevation data obtained during a This model can predict sheet and rill erosion on field slopes, but it cannot compute sediment yields from gullies, stream bank, and stream erosion (Wischmeier & Smith, 1978 ).
The USLE model comprises five parameters: rainfall erosivity factor (R), soil erodibility factor (K), slope length factor (L, in meters), slope gradient factor (S, in percent), vegetation cover and management factor (C), and support practice management factor (P). The accuracy of USLE estimation is dependent on the spatial resolution of the input data. The USLE model is expressed by Eq. (1):
where A is the average annual soil loss (ton/(ha*yr)), R is the rainfall erosivity (MJ*mm/(ha*h*yr)), K is the soil erodibility (ton*h/(MJ*mm)), LS is the slope length and steepness, C is the vegetable cover and management factor, and P is the soil conservation practice factor.
All the parameters were calculated using the data management, spatial analysis, and statistics tools in the ArcGIS 10.1 software. The spatial resolution and coordinate system of the data were entered into ArcGIS to generate the value of each USLE factor. Then, parameter layers are converted to the 30 arc sec spatial resolution (0.0083°) or nearly 1 km in the uniform coordinate system to calculate the average annual soil loss by multiplying all the factors as shown in the formula above. Figure 2 shows an overview of the methodology used in this study.
Calculating exact data and improving the model are not the purposes of this study. The terrain of the Mekong River
Basin is complex, and accessibility is poor, especially in the upper basin. Therefore, it is assumed that data are available and the most suitable formulas for estimating the USLE model factors are selected according to the quality and quantity of the data.
Rainfall erosivity (R) factor
Rainfall and runoff are expressed as the rainfall erosivity (R) factor, and both play an important role in the process of soil erosion. It is easy to indicate that the greater the intensity and duration of a given storm, the higher the erosion potential (Stone & Hilborn, 2000) . Calculating the value of the R factor is based on the relationship between the total storm energy (E) and the maximum 30-minute intensity (I30) (Wischmeier, 1959 and is defined as Eq. (2):
where R is the annual mean rainfall erosivity (N h -1 yr
and P is the average annual precipitation (cm). This equation is generalized by Kenneth & Jeremy (1994) . After changing the unit of mean annual precipitation to mm yr -1 and the unit of R by multiplying by 10 to obtain SI units (MJ mm
), Eq. (2) is simplified as follows:
where R is the rainfall erosivity (10 MJ mm ha
) and P is the mean annual precipitation (mm yr -1 ). Eq. (3) is considered an appropriate estimator of rainfall erosion in tropical or subtropical climate regions (Eiumnoh, 2000).
Soil erodibility (K) factor
The soil erodibility factor (K) indicates the inherent erodibility of soil or surface material in a particular field under standard experimental conditions (Toy & Foster, 1998) .
The K parameter is based on the particle-size distribution, organic matter content, and structure and permeability of the soil or surface material. Usually, soil containing a high fraction of silt is more erodible than soil containing low fractions of sand or clay. Organic matter reduces erodibility because it increases the compounding and aggregation of particles in soil (Toy & Foster, 1998 (6), (7), (8), and (9). Then, the soil erodibility (K) factor is computed using Eq. (4) (Williams, 1995) . According to the Foster et al. (1981) , the K in US unit can be translated to SI unit with multiplying by 0.1317 while it is necessary to calculate soil erodibility in SI unit (ton h/(MJ mm)). Therefore, this study uses formula (5) to change the unit of K factor.
where KUSLE is the USLE soil erodibility factor (0.013 metric ton m 2 h/ (m 3 -metric ton cm)). KSI is ton h/(MJ mm); fcsand is a factor that gives a low soil erodibility value for soil with high coarse sand contents and high values for soils with little sand; fcl-si is a factor that gives low soil erodibility for soils with high organic carbon content; fhisand is a factor that reduces soil erodibility for soil with extremely high sand content. These factors are calculated: where ms is the sand fraction content (0.05～2.00 mm diameter particles), msilt is the silt fraction content (0.002～0.05 mm diameter particles), mc is the clay fraction content (<0.002 mm diameter particles), and org C is the organic carbon (SOC) content of the layer (%).
Topographic (LS) factor
The LS factor gives the effects of topography, such as the length and steepness of slopes, which are closely related to the amount of soil erosion. It has been shown that the steeper slope is, the higher the velocity of overland flow, which increases soil loss. In this study, a DEM with 1 km resolution (Figure 3b ) is used to calculate the LS factor using Eq. (10) (Mitasova & Mitas, 1999 ) and the surface analysis, spatial analysis, and raster calculation functions in ArcGIS.
where LS is the slope-length and steepness factor (no unit), θ is the slope angle (°), FlowAccumulation is used to integrate flow direction in the calculated LS, and Cellsize is the DEM resolution.
Vegetable cover and management (C) factor
The factor is an expression of the effect of surface vegetation cover on rates of soil loss at a particular site compared to those under tilled or continuously fallow conditions (Jeong et al., 2012) . Vegetation, root activity, and porosity protect the soil surface from the impact of rainfall and runoff, thus decreasing soil erosion. In the Mekong River Basin, land cover is divided into 17 types (Table 3) , and the value of . Figure   4 shows the distribution of land cover in the Mekong River Basin.
Support practice (P) factor
The P factor expresses the effects of supporting conservation practices such as contouring, buffer strips, and terracing on rates of soil loss. The P value decreases with these practices because their functions are to reduce runoff volume and velocity, and intensify deposition of sediment on hillslope surfaces (Toy & Foster, 1998) . In fact, erosion-control practices vary according to local conditions and change with time, thus there is not enough available information regarding soil conservation practices for the whole Mekong River Basin.
In this study, it is assumed that the value of P equals 1.
Results and Discussion
The annual average soil loss (A) value is computed by multiplying the raster data from each USLE factor (A = R × K × LS × C × P). The annual average precipitation R factor (Figure 3a) value varies from 428.905 to 2,668.65 mm/yr.
The highest precipitation is distributed in Laos, Cambodia, and the Mekong delta in Vietnam in the Lower Mekong River Basin. As a result, the rainfall erodibility (Figure 5a ), ranging from 1,886.17 to 9,725.27 (MJ*mm/(ha*h*yr)), also
has high values at these sites. The combined spatial distribution of the LS factor is generated using a DEM (Figure 3b ) of the study area. The LS factor ( Figure 5c ) varies from 0.001 to
31.9709, and the high value is mostly distributed in the Upper
Mekong River Basin, which has a mountainous topography.
The C value (Figure 5d ) varies from 0 to 1. Table 5 The final USLE map displaying the annual average soil loss (A) in the Mekong Basin is shown in Figure 6a . An interesting finding in this result is that although the lower basin has higher annual average precipitation than the upper To display the spatial distribution of soil loss more clearly and in more detail, the soil erosion map is reclassified into five categories of erosion risk based on the OECD (2008) standard (Table 4 ). The OECD standard is based on data collected from agriculture areas worldwide without considering the effect of precipitation or local soil loss conditions (Jang et al., 2015) .
According to the erosion risk class map ( Figure 6b and severe soil loss. Table 6 gives the soil loss amount for each type of land cover in the Mekong River Basin.
Conclusion
A conceptual modeling framework based on yearly precipitation data, GIS information, and the USLE model is used to map the annual average soil loss in the Mekong River
Basin. There are some limitations when calculating the annual average soil loss in this study. First, because the USLE model can only predict interrill erosion, but not gully, channel, or stream bank erosion, it can estimate the movement of soil particles, but ignores the deposition of sediment (Merritt et system. Moreover, the 3S sub-basin is also the home of more than 2.5 million people. Therefore, in our future studies, the 3S sub basin will be chosen for in-depth analysis. To analyze the sediment contribution of 3S basin to the Mekong River, a physically based model, which generates a time series of sediment yield under given rainfall scenarios, will be applied for the 3S basin modeling.
